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Abstract Shear deformation of granular media leads to
continual restructuring of particle contact network and
mechanical interactions. These changes to the mechanical
state include jamming of grains, collisions, and frictional
slip of particles—all of which present abrupt perturbations
of internal forces and release of strain energy. Such energy
release events typically result in the generation of elastic
waves in the kHz frequency range, termed acoustic emissions
(AE). The close association between grain-scale mechan-
ics and AE generation motivated the use of AE as surro-
gate observations to assess the mechanical state of complex
materials and granular flows. The study characterizes AE
generation mechanisms stemming from grain-scale mechani-
cal interactions. Basic mechanisms are considered, including
frictional slip between particles, and mechanical excitation
of particle configurations during force network restructur-
ing events. The intrinsic frequencies and energy content of
generated AEs bear the signature of source mechanisms and
of structural features of the grain network. Acoustic mea-
surements in simple shear experiments of glass beads reveal
distinct characteristics of AE associated with different source
mechanisms. These findings offer new capabilities for non-
invasive interrogation of micromechancial interactions and
linkage to a stochastic model of shear zone mechanics. Cer-
tain statistical features of restructuring events and associated
energy release during shearing were predicted with a con-
ceptual fiber-bundle model (FBM). In the FBM the collec-
tive behavior of a large number of basic mechanical elements
(representing e.g. grain contacts), termed fibers, reproduces
the reaction of disordered materials to progressive loading.
The failure of fibers at an individual threshold force corre-
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sponds to slipping of a particle contact or a single rearrange-
ment event of the granular network. The energy release from
model fiber breakage is the equivalent to elastic energy from
abrupt grain rearrangement events and provides an estimate
of the energy available for elastic wave generation. The cou-
pled FBM–AE model was in reasonable agreement with
direct shear experiments that were performed on large gran-
ular assemblies. The results underline the potential of using
AE as a diagnostic tool to study micro-mechanical interac-
tions, shear failure and mobilization in granular material.
Keywords Acoustic emissions · Shear zone formation ·
Granular mechanics
1 Introduction
The link between mechanically-entrained granular media and
the generation of sounds has been part of our experiences
since we learned to handle rattlers in our early childhood.
Such sounds remain familiar in our daily experiences: from
the faint trickling of sand in an hourglass to the crunching
sounds generated during driving or walking on a gravel road.
Deformation-induced sounds are the audible trait of abrupt
and episodic grain scale mechanical interactions that release
stored strain energy in the form of elastic waves. These
mechanical interactions may include collisions of particles,
sliding at grain contacts or larger rearrangements within
the granular contact network. Different micro-mechanical
processes may produce elastic waves with distinguishable
frequencies and varying energy content. Perceptible sound
is created only when such vibrations are transmitted from
solid or liquid surfaces into the surrounding air. A common
process that induces abrupt mechanical interactions, asso-
ciated with elastic wave production, is macroscopic shear
123
628 G. Michlmayr, D. Or
deformation of granular assemblies. The formation of a shear
zone is the underpinning mechanism for mobilization of
many Earth materials and engineering granulates and can
result in landslides, earthquakes, snow avalanches and other
rapid mass movements. Elastic waves associated with such
processes may deliver valueable information concerning the
imminence of large mobilization events.
The inherently non-smooth grain-scale mechanical inter-
actions in grain assemblies lead to several well-known, yet
curious phenomena: the localization of deformation in shear
bands [1–3], the non-linear properties of wave speed [4–
6], or the inhomogeneous distribution of loads in a particle
assembly exposed to mechanical stresses [7–10]. Grain-to-
grain mechanical interactions are manifested in the behav-
ior of frictional slip, and particle collisions, and the self-
organization of a force network.
Such force network typically consists of pillars of aligned
and highly stressed grains, so-called force chains [11,12],
often oriented along the principal directions of the mean
stress field. During progressive shearing, individual force
chains undergo repetitive cycles of formation, straining and
failure [13]. These cycles are reflected in the intermittent
behavior of the sheared granular system . Examples include
jamming-unjamming events, stick-slip phenomena or rapid
fluctuations of the shear stress [14,15]. For conditions of
strain-controlled deformation, granular assemblies typically
exhibit fluctuations of stresses [16] (these conditions are con-
trasted with stress-driven deformation that leads to episodic
strain jumps). Similar processes of strain accumulation and
sudden release are key to the abrupt occurrence of earth-
quakes, the triggering of landslides, and the onset of granular
flows. The quantitative description of such processes hinges
on properly deciphering grain and force network mechanics.
The abrupt rearrangement of a force network, the collision
of grains, or friction at particle contacts invariably involve
the rapid release of stored elastic energy accumulated during
straining. Deformation-induced grain-scale interactions rep-
resent various forms of elastic energy dissipation [17,18],
ultimately leading to the converting of mechanical energy
into heat [19]. Force fluctuations and resulting elastic wave
generation (as visualized by Bardenhagen and Brackbill [20]
or Owens and Daniels [21]) may therefore offer a means
for gauging energy dissipation, and for tracking different
pathways of strain energy release. Evidence suggests that
the signature of different source mechanisms may be con-
tained in the frequencies and energy of generated elastic
waves [22,23].
The deformation of granular assemblies involves a large
number of restructuring events at different intensities. Inter-
actions among numerous mechanical elements (grains, force
chains), involve large degrees of freedom that are confounded
by inherent variability in grain properties and geometri-
cal packing detail. Stochastic methods may overcome the
inherent limitations to information concerning geometrical
details and individual particle properties in large granular
assemblies. A modeling framework for the statistical behav-
ior of systems with many interacting mechanical elements
is offered by analogy to fiber bundle models (FBM). The
FBM is a conceptual tool capable of representing mechanical
interactions and transition processes in disordered materials,
such as granular shear zone formation [24,25]. FBMs are
based on the interaction of a large number of elements that
obey simple mechanical rules and that fail at a stochastically
determined threshold strain. Conceptual parallels between
elements of the FBM and grain contacts or force chains jus-
tify the use of this tool for simulation of complex interac-
tions in granular material. Failure of an element in the fiber
bundle would correspond to structural rearrangement in the
shear zone eventually, such as buckling of a force chain or
particle contact reorganization. FBMs provide predictions
of strain energy release associated with those events and can
serve to estimate magnitudes of generated AE signals. Hence,
FBM-based prediction of AE energies provide a promising
starting point to establish links between material mechan-
ics and failure-associated AE generation [24–27]. Analyses
of the vibration behavior of prototypical structures provides
an inevitable groundwork for the translation of structural
rearrangement events into elastic waves. Elastic waves gen-
erated during restructuring events radiate from the source
location and undergo alterations on their propagation path. If
not gauged at the source location (which can hardly be real-
ized in an experiment) such effects may induce considerable
bias in inferences based on measured AE events.
The objective of this study was to explore links between
grain-scale mechanical interactions in sheared granular mate-
rials and associated AE characteristics. We present various
mechanisms giving rise to abrupt release of elastic strain
energy. We endeavor to investigate how prototypical gran-
ular structures release stored strain energy in the form of
elastic waves and look at the frequency spectra generated by
such energy release events. Here we concentrate on energy
release from structural rearrangement events such as repeti-
tive buckling and formation of force chains or micro-slip at
single grain contacts. Breakage and comminution of grains
as it may occur under excessive loading are not considered.
Knowledge of the response of prototypical granular struc-
tures to mechanical excitation allows us to bracket typical fre-
quency ranges. The analysis enables a systematic comparison
with AE data obtained from shear frame experiments using
cohesionless glass bead assemblies. An important practical
goal was to establish links between granular material prop-
erties, respectively loading procedure and characteristics of
generated acoustic emissions. From numerical solutions of
the FBM we obtained the statistical description of recurrence
of grain rearrangement events and associated AE energies.
These results serve to investigate sources of granular material
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plasticity and granular material principal mechanical behav-
ior. In this upscaling we also consider contributions of signal
attenuation and geometric restrictions of signal acquisition
as they occur in real measurement scenarios. The results sec-
tion compares simulation results with observations obtained
from shear tests and measured acoustic event statistics. A
concluding section presents consequences of obtained results
considering the use of AE from assessment of granular mate-
rials. Potentials and limitations of the presented methods will
be discussed and further possibilities will be outlined.
2 Modeling grain-scale AE generation
In the following we propose mechanisms for elastic wave
generation in deforming granular materials. We first focus on
grain-to-grain slip and particle collisions, being mechanisms
that occur in prototypical granular material under moderate
stresses. The resulting elastic wave frequencies are shaped
by the respective source mechanism. In a second step, we
provide a mechanistic description of prototypical grain con-
figurations and analyze their characteristics with respect to
elastic vibrations. Two different types of events will be dis-
cussed: namely elastic waves generated by single grain con-
tact and waves that stem from meso-scale chains of particles.
This analysis will enable analyses of simulated structural
rearrangement events and their linkage to elastic waves in the
forthcoming sections. The analyses of grain-scale mechan-
ical interactions are illustrative and are largely conceptual,
nevertheless these theoretical results may sufficiently con-
strain the expected spectral ranges of resulting elastic waves.
2.1 Particle collisions
During large deformation of granular materials, changes of
the grain lattice are inevitable and often involve destruction
and reformation of contact networks. The establishment of
a new contact by two grains involves a grain collision. The
approaching speed of the two grains (and also their geomet-
rical and material properties) determines the energy for the
resulting impact. Considering elastic deformation with no
shear forces at the contact (standard assumptions of Hertz
contact mechanics [28]) the energy involved in the contact
deformation is given as:
U = 8
15
E∗ R∗1/2d5/2 (1)
where R∗ is the harmonic mean of particle radii, E∗ the har-
monic mean of the Young’s moduli (for grains composed of
different materials) and d is the indentation depth. The colli-
sion of a particle against another particle presents a mechan-
ical impulse imparted on the granular structure. Sufficiently
short impulses may be considered as broadband excitation,
i.e. equal excitation of all frequencies. For the estimation of
the impact duration, tc, we again invoke Hertz mechanics to
obtain [29]:
tc = 4
√
πΓ (2/5)
5Γ (9/10)
(
m∗2
16
15
1−ν2
E∗ R v
)
(2)
Here Γ () is the gamma-function, m∗ is the harmonic mean
of the particle masses, and ν is the material Poisson ratio.
Based on Eq. 2 the impact duration for two glass beads (R =
1 × 10−3 m, m = 11 × 10−6 kg, E = 65 × 109 Pa, ν =
0.23) during collision at an approach speed of [0.05] m/s is
estimated to be 13 × 10−6 s. An impact of this duration may
be considered a broadband pulse up to a cut-off frequency
of 77 × 106 Hz [30], which is the inverse of the collision
time tc. The non-linear stiffness of a Hertz contact adds to
the complexity of modeling forces during particle collisions.
Seeking a simple description of the force development, we
invoke an approximation made by Hunter [31], that have
shown that the process can be described reasonably well by
a sinusoidal function.
2.2 Frictional slip
Shear deformation of granular media involves a considerable
number of frictional slip events between pairs of grains [32–
34]. Studies have shown that dry friction between two rough
bodies is a result of the interlocking of surface asperities [35].
Sliding of the two bodies requires deformation or rupture of
those asperities. Repetitive sequences of surface interlock-
ing and release during frictional slip constitute dynamic fric-
tion force. This apparently constant force consists in fact
of microscopic fluctuations around a mean value. Statistical
rules for this force fluctuations can be obtained from micro-
scopic features of the surface topography. The self-similarity
of surface asperities can be used for deriving frequency-
magnitude spectrum of force fluctuations. Along these lines,
probabilities of force fluctuations are predicted to decay with
1/ f 2 [36], where f is the recurrence frequency of an event.
Following Zaitsev [36], we will use the 1/ f 2-frequency spec-
trum to describe frictional slip between two grains. Although
this frequency characteristic can be assumed to hold only in a
certain range (bracketed by the largest and smallest effective
asperity) it offers a valid starting point for our considerations.
microscopic force fluctuations can be attributed to friction-
induced elastic waves [37]. This relation is well established
and has been explored already in various studies [18,38–40].
2.3 Single grain excitation
One of the simplest geometrical assemblies built from
equally sized spheres is the tetrahedron. This configuration
consists of a single particle supported by three neighboring
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particles (see inset of Fig. 1), and forms a basic building
block of 3-D granular assemblies [41]. Due to its relevance
for dense granular media we investigate the response of this
structure with respect to mechanical excitation. To obtain the
elastic properties of the four-grain configuration, we invoked
again the theory of Hertz [28] and find for the stiffness ki j of
a sphere-to-sphere contact:
ki j =
(
3Fn R∗
4
)1/3 ( E∗
1 + ν2
)4/3
. (3)
Equation 3 implies that the contact stiffness depends on the
contact force Fn , respectively on the compliance induced by
this force. In the following, we assume that contact defor-
mation due to static loads is larger than during dynamic
oscillations (similar to the assumptions made by Somfai
et al. [42]). Correspondingly, we neglect changes of ki j dur-
ing the resulting particle motion. For the dynamical analysis,
viscous damping was considered at the particle contacts. The
damping coefficients di j were set to a small finite number
proportional to the corresponding contact stiffness, such that
the condition of proportional damping [43] is fulfilled. This
additional constraint on di j allows a relatively simple calcu-
lation of a system frequency response function. The starting
point for the analysis of particle vibrations is the equation
of motion, that relies on the balance between inertial, elastic
and viscous forces. For the free particle of our tetrahedron
this reads in index notation as
mxr¨x = −dx r˙x − kxrx (4)
The effective damping coefficients dx and effective stiff-
ness kx are obtained by conversion of the contact quanti-
ties (di j and ki j ) from the grain contacts reference frame
into global (Cartesian) coordinates. Considering the three
spatial coordinates {x y z} Eq. 4 can be expressed equally
as three equations. These differential equations are typically
solved by assuming a harmonic solution function of the form
exp(i r t) [43]. The characteristic frequencies of such oscil-
lation ωr can also be obtained from an eigenvalue analysis
of the equivalent undamped system. Including the effect of
damping into the mechanical analysis, a dispersion of the
frequency spectra, i.e. response of the system at frequencies
other than ωr can be found. The complete frequency response
of the damped system can be expressed as [43]
Rx = 1kx
⎛
⎝
(
1 − (ω/ωr,x)2) − i (2ζxω/ωr,x)(
1 − ω/ωr,x
)2 + (2ζxω/ωr,x)2
⎞
⎠ . (5)
Here ζx = dx/2√kx m is the damping ratio at the reso-
nance frequency ωr,x . Equation 5 is derived from the sys-
tem response function that can be formulated in the Laplace
domain. It delivers the resulting amplitude and phase shift
when we excited the system with a continuous unit sine of fre-
quency ω. Figure 1a shows resonance frequencies and mag-
nitude of the frequency response |Rx | (including damping) of
the active particle in a tetrahedral grain configuration under
different confining stresses. Higher static loading results in
stiffer contacts and correspondingly higher resonance fre-
quencies ωr of the structure (note that ωr ∼ √k/m∗). In
our example, which was chosen to represent particles in our
experimental system, ωr ranges between 30 and 60 kHz. In
addition to the pure frequency response function we con-
sidered the system’s response to different excitation mecha-
nisms. Idealizing a collision against the free particle (Fig. 1b)
as a half-sine-wave, it can be seen, how resonances of the
structure are excited. In Fig. 1c we replaced the excitation
force with 1/ f 2-fluctuations (duration 130 µs, overlaid with
a Hamming window). Again, the resulting vibration is dom-
inated by the resonance of the tetrahedron-structure. How-
ever, the excitation mechanism leaves a clear signature in the
frequency spectrum, such as the presence of considerable
low-frequency contributions in the amplitude spectrum.
F
150
100
50
0
0.004
0.002
0
20
15
10
0
0 0.05 0.1
0 0.1 0.2 0.3 0.4 0.5
0
0.25
0.525
2
4
0
f [kHz]
a
 [ ]
a
 [µ
m
]
a
 [µ
m] F = 0.05N
F = 0.1N
F = 0.5N
(a)
(b)
(c)
f [kHz]
0 10 20 30 40 50 60 70 80
0 10 20 30 40 50 60 70 80
0 10 20 30 40 50 60 70 80
f [kHz]
t [msec]
t [msec]
F 
F 
Fig. 1 a Frequency response of a tetrahedron-shaped grain assembly
(as shown in the inset) under different confining loads. Characteristic
frequencies are indicated by the vertical lines. b Response of the tetra-
hedral structure to excitation from a collision-induced force pulse, as
shown in the inset. c The amplitude spectrum of the calculated response
to force fluctuations generated by frictional slip; the time dependent
excitation force (in mN) is displayed in the inset. (Note that the legend
of the center panel applies to all data shown!) (color figure online)
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2.4 Excitation of force chains
The mechanical back-bone of granular assemblies subject
to shearing is typically formed by force chains. Those are
mesoscopic structures of aligned particles bearing an over-
proportional large amount of load. The relevance of this struc-
ture for granular material mechanics [11,12,44] motivated
our dynamical analysis of granular chains in the following.
The derivation of the frequency response is based on
mechanical analysis of an idealized force chain as depicted
in the inset of Fig. 2. We consider an assembly of spher-
ical masses connected by springs. Analogous to Eq. 4, this
simple mechanical model may be expressed as a matrix equa-
tion [42]:
M x¨ = H T DH x˙ − H T KH x, (6)
The diagonal matrix M represents particle masses and the
vector x indicates particle positions. On the right hand side
we have the contact stiffness matrix K containing normal
and tangential stiffness of all particle contacts. H is called
the contact matrix [45] and enables coordinate transforma-
tion between the different reference frames (contact refer-
ence frame and particle reference frame). Viscous contact
damping is included in the equation of motion by the damp-
ing matrix D (again we selected the entries of D such that
proportional damping is satisfied). Rearranging the terms of
Eq. 6 yields:
x¨ = −M−1 H T KH x − M−1 H T DH x˙ . (7)
Solutions of this system of second order differential equa-
tions include harmonic functions that describe oscillatory
motions of the particles [42]. Note that the terms H T KH and
H T DH are symmetric and singular (i.e. not invertible) matri-
ces. M in our case (no consideration of rotational degrees of
freedom) has entries only in the main diagonal. Inversion of
M under this condition becomes trivial. For the solution of
the equation of motion a sufficient number of boundary con-
ditions has to be introduced: here we fix the position of the
first and last particle of a granular chain. The eigenvalues and
corresponding eigenvectors of the undamped system (rep-
resented by the term M−1 H T KH) enable derivation of the
characteristic oscillation frequencies. The number of charac-
teristic frequencies corresponds to the number of degrees of
freedom of the mechanical system, and are indicative of the
natural resonance frequencies of the structure. Here we con-
sider only translational degrees of freedom, hence, a chain
of N particles will have 3 × (N − 2) oscillation frequencies
(two particles have fixed positions, so we have to subtract
those DOFs). Entries of the stiffness matrix, K (containing
bilateral stiffness of all grain contacts), can be determined
according to Eq. 3 from grain geometry, material properties
and static contact force. Again, we do not consider changes
of those entries of K during an oscillation cycle.
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Fig. 2 a Excited force chain of 6 free particles (see inset) and the result-
ing frequency response spectra under different normal loads. Eigenfre-
quencies (in this example we have 6×3 = 18 distinct resonance modes)
of the structure are indicated by vertical lines. b The frequency response
due to particle collision with a force chain. c Frequency response after
friction excitation. (Note that the legend of the center panel applies to
all data shown!) (color figure online)
The model enables a systematic study of the frequencies
produced by a particular granular structure. Here we selected
a prototypical example of a force chain and computed gen-
erated frequencies of an excited particle. Figure 2a shows
frequencies of a three-dimensional idealized force chain that
consists of eight particles. The figure shows how different
normal loads change the characteristic frequencies and their
maximum amplitude. It can be seen that oscillations for the
considered example have characteristic frequencies greater
than 10 kHz. A larger normal load on the force chain yields
stiffer contacts and results in higher resonance frequencies.
On the other hand, we find higher damping of configurations
in the frequency response curve under large normal confine-
ment.
The frequency response in Fig. 2a describes the spectral
signature of a grain arrangement. To consider effects of the
excitation mechanisms discussed above we modeled the fre-
quency response of the structure to a short force pulse (rep-
resenting a particle collision) and a succession of 1/ f 2 force
fluctuations (representing friction generated vibrations). Fig-
ure 2b shows the broadband excitation generated by a particle
collision modeled through a 13 µs sine-shaped force pulse. It
can be seen that resonance modes above the cut-off frequency
(77 kHz) are almost not present in the resulting amplitude
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spectrum. Only the lowest resonance frequencies are excited
by the collision. Under friction excitation, we also find a cut-
off for high resonance frequencies. Since 1/ f 2-fluctuations
carry most energy at the low frequencies, it is the lowest
resonance frequencies that are responding strongest to this
excitation mode.
3 Statistical description of grain scale interactions
3.1 The fiber bundle model (FBM)
The proper integration of individual AE event generation
mechanisms, requires an upscaling procedure that establishes
direct links to resulting AE activity in granular assemblies.
As a first step, we quantify the numbers and intensities of
grain-scale restructuring events associated with progressive
formation of a shear zone. To bridge the information gap con-
cerning inherent variability of material structure, geometry
and properties—all of which crucially determine mechanical
behavior—we use a special form of the FBM. FBMs provide
a stochastic framework to describe transition phenomena in
disordered material [26,46–48]. They consider mechanical
interactions among a large number of elements, called fibers.
In a their simplest representation such fibers behave as linear-
elastic elements breaking at a threshold force that is stochas-
tically determined for each fiber. The standard FBM was
developed to describe tensile loading of yarn strings [49,50].
The model was subsequently modified and expanded to con-
sider other loading scenarios, such as bending [51], compres-
sion [26] and shearing [47,52]. Building up on a variant of
the FBM presented by Halsz and Kun [53] and Halsz [54],
Michlmayr et al. [24,25] reproduce key characteristic fea-
tures of granular shearing and associated acoustic signals. In
the annealed disorder FBM, by Michlmayr et al. [24], broken
elements are replaced by new, unstrained fibers that receive a
new random rupture threshold. Fibers in this annealed disor-
der FBM undergo series of rupture and reconstitution cycles,
reminiscent of continual force chain reformation or repetitive
frictional slip between grains. Different statistical distribu-
tion functions may be used for the assignment of fiber thresh-
old values t . The two parameter (m and λ) Weibull distribu-
tion function appears particularly useful for this task, because
of its simplicity and the inherent link to failure processes:
pt (t) = m
λ
(
t
λ
)m−1
e−(t/λ)m (8)
Earlier work provides us with detailed analysis of the
annealed FBM mechanical behavior and energy release asso-
ciated with fiber rupture [24,25,53,54]. Here we consider
annealed fiber bundles consisting of N elements, represent-
ing active particle contacts of a granular shear zone. The fiber
elements in our model are arranged on a square lattice. The
spatial arrangement of fibers does not affect the mechanical
behavior of the bundle, however, for later considerations of
attenuation the location of element failure becomes a cru-
cial factor. The stress strain behavior of the bundle naturally
depends on the failure-restoration history of its fibers. It can
be written in rate form as
Δτ
Δε
= N EΔε −
N f∑
ti (9)
where E is the fiber elasticity and N f indicates the number of
breaking fibers within the strain interval Δε. The constitutive
behavior of this system is a result of the competition between
elastic deformation of elements during a strain increment
(represented by the first term of the right-hand-side of Eq. 9)
and element failure during a strain increment (as described
by the summation term in Eq. 9). The first contributes to
an increase of the total shear force while the latter facili-
tates abrupt decays of the resulting forces. A more detailed
description of the mechanical behavior of such annealed dis-
order fiber bundles can be found in our earlier work [24,25].
The energy that is released during fiber rupture events can be
expressed (also in rate form) as
ΔU
Δε
= 1
E
N f∑ t2i
2
(10)
Considering elements of the FBM as conceptual repre-
sentation of grain contacts and force chains, the expression
above represents the energy released during granular restruc-
turing events and associated AE generation. As presented
in the previous section, AE may be generated by different
mechanisms during granular shearing. Those mechanisms
may affect either single grains or an entire group of grains.
Because the magnitude of such restructuring events appears
as the main control to govern the level of grain excitation we
group fiber rupture events according to their rupture thresh-
old. This is based on the perception that failing elements in
the strong force network will excite the remaining network.
The effect of weak element failure is assumed to only lead
to vibration on the single grain scale. The fraction of par-
ticles that form this so-called “strong” force network is a
matter of ongoing discussion and based on the definition cri-
teria estimations range from 20 % [12] to less than 10 % [55].
Based on this values we consider the strongest 10 % fibers
(0.9 tmax < t ≤ tmax ) to constitute the “strong” force net-
work potentially exciting force chains during a reorganiza-
tion event. The remaining 90 % fibers (0.9 tmax < t ≤ tmax )
will be assumed to belong to the “weak” network that will
induce single grain vibration at failure (in both cases tmax
indicates the maximum fiber strength value at a given bundle
deformation).
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The two primary theoretical quantities of interest, namely
the fiber bundle stress τ and the energy release rate ΔU/Δε
can be directly compared with measurements of force and AE
obtained during shearing of real granular systems. Since both
measures can be expressed only in a rate form, we performed
step-wise calculation of the bundle behavior according to the
following procedure:
1. attribute initial rupture thresholds to all N fibers,
2. increase the strain up to the threshold tki of the weakest
fiber of the bundle,
3. after rupture a fiber receives a new random threshold tk+1i ,
the straining of the fiber is reset to zero, the next failure
of this fiber will take place at
∑k+1
q=1 t
q
i .
4. repeat 2 and 3 to continue straining of the fiber bundle.
Previous studies [25] have shown that an annealed disor-
der FBM can reproduce complex granular shear zone for-
mation considerably well: Fig. 3 shows the shear stress τ
on a fiber-bundle consisting of N = 105 elements; thresh-
olds t are drawn from a Weibull distribution with m = 2
and λ = 1 (parameter selection is based on failure rate of
granular contacts and has yielded good agreement of the
model with observations [25]). Similar to the results pre-
sented in earlier work [25] we find stress-features charac-
teristic for granular materials under shear deformation: that
is the build-up of shear stress with increasing plasticity at
the onset of shearing (phase a–b in Fig. 3), followed by
the peak shear stress and relaxation into a residual stress
regime (phase b–d in Fig. 3). Simulations of the energy
release rate ΔU/Δε are in agreement with analytic results
presented earlier [25]. The results show a delayed increase
in energy release rate relative to the increase in shear stress.
The metrics of energy release exhibits larger fluctuations
than the bundle stress that reflects the state of intact fibers.
The inset of Fig. 3 shows the statistics of energy release
rates U (this is the energy released from a single fiber at
its rupture threshold t , hence U = E t2/2) at different
phases throughout the straining process. A comparison of
both empirical distributions shows how an increasing amount
of large events shapes the energy release as deformation
advances.
3.2 Attenuation of AE signals, a sensor’s field-of-view
Elastic waves undergo considerable damping and wave dis-
tortion while propagation through granular media. To model
attenuation of elastic waves as they travel from the source
location to the sensor we employed a simplistic geometrical
decay model. We neglect any other attenuation mechanisms,
and consider the total elastic energy in a wavefront E to
remain conserved while it radiates from the source location
r . The spherical divergence of the wave with distance from
1 210
-3
10-2
10-1
100
0.6
0.4
0.2
0
1 2 30
 [ ]
 
[ ]
30
b
c
d
c d-
a b-p
U
U []a
0.6
0.4
0.2
0
FB
M
U
/
 
[ ]
FBMU /
Fig. 3 Stress strain curve of the annealed disorder FBM consisting of
N = 105 fibers. The insets show statistics of rupture associated energy
release (U ) at the beginning (a, b) and at the end (c, d) of the straining
process (color figure online)
the source is associated with decay of the energy density E0
according to:
E04πr20 = E4πr2 (11)
E =
(r0
r
)2
E0. (12)
Here we assume that the elastic energy is concentrated at the
propagating wave front that has the shape of an expanding
spherical shell. Depending on the propagation distance, the
original amount of emitted energy E0 decays with the dis-
tance from the source as r−2. Signals generated away from
the sensor are more attenuated and appear weaker (low ampli-
tude). This simple geometric damping was included in into
our conceptual shear zone model as shown in Fig. 4. We
assume that elastic wave generation takes place at a plane
Σ only. Σ represents the shear zone. A sensor is located
at a distance r0 facing this plane. The previously described
FBM delivers rate and energies of element failure events. The
square lattice arrangement of the fibers allows to attribute a
spatial coordinate on the plane Σ to each of those failure
events.Using the fiber position the distance to a stationary
virtual sensor be derived and consequently the relative geo-
metric damping (as compared to a similar event at distance
r0).
Figure 5 shows the effect of the above described mecha-
nisms on a FBM-generated distribution of energies generated
within a plane. The FBM used in this simulation consists of
19,600 elements. The figure shows empirical distributions of
event energies at the source (undamped events) and at the
sensor (damped events). We distinguished between different
source mechanisms in our mode according to the fiber fail-
ure threshold: strong fibers stood for force chain excitation
and weak fibers represented grain excitation (as described in
the previous section). Comparing statistics of signal energies
at their source (no damping) with the frequency-magnitude
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Fig. 4 Cone of detection intersected with the shear plane Σ yields
the region of detectable AE events. The distance between sensor and
shear plane r0 determines together with the signal incident angle α the
propagation distance r between a signal source and the sensor
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Fig. 5 Change of the event frequency-magnitude distribution by the
proposed propagation model for three fiber bundles of different sizes:
a N = 19,600, and b N = 1,225. Gray lines indicate empirical proba-
bilities of original (undamped) signals. Colored lines give distributions
of damped signals from weak and strong fibers. (Note that the legend
of the left panel applies to all data shown!) (color figure online)
distribution of signals at the sensor we find clear differ-
ences that reflect the effect of damping. Signals generated
from failure of weak fibers show a strong deviation from
the original distribution after undergoing damping. Fail-
ure of strong fibers is associated with high energy events,
which are less affected by signal damping. The distribution
of damped signals remains almost entirely conserved com-
pared to the original frequency-magnitude distribution with
only a truncation at the right end (where the highest energies
reside).
4 Experiments
4.1 Shear frame setup
Shear deformation of large granular assemblies were mea-
sured using a linear shear frame apparatus (previously
described in Michlmayr et al. [25]). The sample container
consisted of two frames with dimensions of 0.15 m ×
0.15 m × 0.15 m. The lower frame is supported by linear
roller bearings to allow horizontal motion in one direction.
Displacement is applied by a linear driver (PERO linear
spindle motor, PERO GmbH, Germany) pulling the lower
frame at a constant rate. A normal load was applied to the
sheared granular sample using a pneumatic cylinder. The
experimental setup is shown in the sketch of Fig. 6 and is
similar to the direct shear test used in for geotechnical test-
ing [56]. A numerical analysis of this setup was provided
by several authors [57–60]. It shows from those publica-
tions that shear deformation typically localizes in a narrow
lenticular shear zone. The width of this shear zone is often
assumed to be 10 times the average grain size (e.g. based
on the numerical experiments by Liu [59]). Force sensors
attached to the upper frame allowed to measure shear forces
during the displacement procedure. Forces were recorded
at high temporal resolution (1,620 s−1) allowing to resolve
rapid stress fluctuations with magnitudes >30 Pa. For mea-
surements of elastic waves, two types of acoustic transducers
were placed within the sample material during the shear tests.
A 1-D accelerometer (MS ACH-01, Measurement Speciali-
ties Inc., USA) with a sensitivity of 0.92 × 10−3 V m s−2
and a linear frequency response in the range <20 kHz was
placed in the upper frame 0.05 m above the imposed shear
zone in a way that it could captured elastic waves normal
to the shear plane. Additionally, we captured high-frequency
acoustic emissions in the range of 30–80 kHz using piezo-
electric sensors (VS75-V, by Vallen, Germany, for frequency
response see inset of Fig. 8). All sensors were placed close
to the shear plane embedded within the granular material.
To extract discrete events from the continuous waveform
captured by the different sensors a constant threshold was
applied. Signals that exceed this threshold are assumed to be
associated with mechanical failure events within the mate-
rial. Digitalized signals are provided in units of voltage.
Note, that frequency-dependence of the sensor response,
pre-amplification, and A/D-conversion makes the recovery
of original signal shapes a non-trivial task. In this work
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Fig. 6 Sketch of the shear test setup. The frames containing the gran-
ular material are cut open for better visibility of sensor positions. Nor-
mal load is applied with a pneumatic cylinder. A linear motor allows to
maintain deformation at a constant speed
we instead provide signal amplitudes from the digital wave
form only and derived energy measures from time integra-
tion of signal voltage respectively as non-physical energy
units.
We have used different types of spherical, narrow-graded
soda-lime glass beads (SiLi beads type S, Sigmund Lindner
GmbH, Germany) for performing granular shear tests. The
glass density was 2.5 kg m−3 and the Young’s modulus 63 ×
109 Pa. Tests were performed using two different grain sizes:
3.8–4.4 and 1.0–1.3 mm.
For comparison with model predictions we estimated the
number of particles in the shear layer as 1,225, and 19,600
respectively. In all tests reported here, the granular sam-
ple was air dry. The glass beads were filled into the shear
frame in three layers, that were compacted each by tap-
ping with a hammer. Acoustic sensors were placed within
the sample material during this procedure. After leveling the
sample material at the surface it was covered with a 2 mm-
thick rubber pad to provided a homogeneous distribution of
applied normal loads. Tests were conducted at different nor-
mal stresses: 30, 45, and 60 kPa. The displacement rate during
experiments was maintained constant at 0.033 mm s−1.
Data streams were synchronized before further analy-
sis. Frequency spectra from low-frequency acoustic emis-
sion events were obtained by Fast-Fourier transformation.
To avoid aliasing-effects in frequency spectra a Hamming
window was applied to the data frames (each data frame
contained one AE event).
4.2 Experiment results
4.2.1 Examples of signal waveforms
The formation of a shear zone in granular materials and
associated micro-mechanical restructuring events manifest in
development of shear stresses and simultaneous generation
of AE signals. Links between the mechanical and acoustic
facet of shearing can be illustrated with the example of a
direct shear test shown in Fig. 7. We found that under the
given test conditions, the measured shear stresses exhibited
considerable fluctuations around an average value. A consis-
tent link between such stress jumps and the release of low-
frequency AE signals has been shown already in a previous
study [25].
These fluctuations show different characteristics during
(1) a jamming phase where shear stress builds up constantly,
(2) a plastic phase, that features decaying stress accumula-
tion including smaller stress tremor and release events, and
(3) a full stress release events, characterized by an abrupt and
considerable jump of measured shear stress. Visual inspec-
tion of the results indicates that the measured stress jumps and
acquired low frequency AE signals were highly correlated in
their occurrence times. In some cases, a stress tremor and pre-
cursory jumps during plastic material deformation triggered
smaller low-frequency AE events. The three last force jumps
in the expanded example in Fig. 7 show such tremor-induced
low-frequency AE events during the plastic phase.
High-frequency AE measurements (Fig. 7c) in our exam-
ple delivered more events than their low-frequency coun-
terparts. An strong connection to stress jumps can not be
deduced immediately from this sample data set, since sig-
nals were captured during all three phases of a stress jump
cycle. However, the presented example suggests an increase
of AE intensity (i.e. rate and magnitudes) at the imminence of
a stress jump. Immediately following a stress release event,
Fig. 7 a Stress jumps during a shear experiment with 4 mm glass beads
under a confining stress of 60 kPa with concurrent record of b low-
frequency AE signals and c high-frequency AE events. Different phases
of a characteristic stress jump cycle are illustrated for a single restruc-
turing event marked by gray boxes (color figure online)
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Fig. 8 a Measured average frequency spectra captured by the low fre-
quency AE system (acceleration amplitude spectrum) and by b the high
frequency AE system (pressure amplitude spectrum). The inset of panel
b shows the characteristic response function of the high frequency sen-
sor within the frequency range of interest expressed in dB re 1 mV/bar
(color figure online)
the generation of high-frequency AE events remained quies-
cent for a short period of time.
4.2.2 Typical frequency ranges of observed AEs
Mechanical considerations for quantifying AE events gen-
erated by grain-scale interactions were presented in Sect. 2.
To experimentally evaluated predicted frequency ranges we
analyzed signals collected during direct shear tests of glass
beads. The transformation of AE signals into the frequency
domain using standard Fourier transformation allowed com-
parison of measurements with modeling results. Measured
spectral amplitudes were averaged over many AE data sets
to minimize effects of spurious events. Figure 8 shows
the average spectra of 29 low-frequency events. The right
panel of Fig. 8 displays the average spectrum of 29 high-
frequency measurements collected concurrently. All signals
were observed during the latter phase of shearing experi-
ments with 1 mm glass beads and a confining load of 45 kPa.
We found a general decay of the spectral amplitude for high
frequencies in both spectra. This general trend is interrupted
by a number of local peaks: at 5 kHz for the low-frequency
spectrum, and at 54 and 111 kHz in the spectrum of high-
frequency measurements. To rule out a bias from the sensor’s
own resonance frequencies we provide the sensor frequency-
response functions in the inset of Fig. 8. The response spec-
trum of the AE sensor type (see the inset in Fig. 8) did not
exhibit any resonance frequencies at the observed frequency
peaks, which suggests that those features represented prop-
erties of the material and the AE generation mechanisms.
Low frequency AE signals are captured with a broadband
accelerometer operating below the first resonance frequency.
The response of this sensor can therefore be assumed flat
and no interference with the signal spectrum is expected
(we therefore do not display the sensor response spectrum
in Fig. 8a).
4.2.3 Features of AE response to stress jumps
The illustrative data in Fig. 7 suggests that stress jumps are
associated with the two types of measured AE signals we
measured in direct shear tests. To improve our understanding
of these observations we compared the average AE activity
of both sensor types at the imminence of stress release events
(see Fig. 9). For the analysis we performed coherent averag-
ing over the stress jumps of a single shear test and associated
records of AE events. This process involves collection of mul-
tiple consecutive stress jump cycles that originally occurred
sequentially in time, and averaging over the force and AE sig-
nals for each jump (stacking the sequences with a common
origin). This analysis delivered us the mechanical (Fig. 9a)
and acoustic (Fig. 9b, c) signature of the “mean” stress jump
at different experimental conditions. We observed clear dif-
ferences between the magnitude of stress jumps amongst
tests with different materials. We found that tests with 4 mm
grains produced the considerable stronger stress jumps com-
pared to tests with 1 mm grains. For all cases considered, the
averaging procedure produced a smooth force curve prior to
the release event contrasting precursory stress tremor that
has been observed during phase (2) of the previously pre-
sented data example (see Fig. 7a). The absence of precursory
fluctuations after averaging of signals reflects the random
nature of this phenomenon. The corresponding activity of
low-frequency AE confirmed a strong link of those signals
to stress jumps as it was pointed out already in Sect. 4.2.1:
the analysis showed that almost every low-frequency event
was observed together (at a displacement difference of less
than 0.005 mm) with a stress release event, irrespective of
experimental conditions. The results of Fig. 9c show the aver-
age high-frequency AE activity in relation to stress release
events. From our earlier analyses (see Fig. 7c) we found
that those signals occurred during stress accumulation and
not only during stress-release events. This was confirmed by
Fig. 9c. Also, we were able to reveal a significant increase of
high-frequency AE activity at the imminence of stress jumps.
Particularly in materials with smaller grains significant high-
frequency AE activity was observed prior to stress jumps.
4.3 Modeling AE statistics utilizing the FBM–AE model
The results in the previous sections lend support to the
assumption that different micro-mechanical interactions
within a granular shear zone produce distinct AE signals.
For example, we attribute large rearrangements of the gran-
ular lattice to the rupture of force chains. In our experi-
ments such events appeared as fluctuations in the macro-
scopic shear stress and triggered distinct low-frequency AE
signals. Smaller failure events eventually at the level of single
grains could be detected by the high-frequency AE events.
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Fig. 9 a Coherent averaging over individual stress release cycles under
different test conditions (“mean” stress jump). b Concurrent low-
frequency (accelerometer) AE, and c high-frequency AE activity. The
normal load in all experiments was 45 kPa
These however, did not leave a visible signature on the global
stress picture in our experimental setup.
For integration into the FBM we attribute low-frequency
AE signals (presumably associated to force chain buckling)
with the rupture of the strongest fibers in a bundle. High-
frequency acoustic events are triggered by smaller and sec-
ondary perturbations of the granular force lattice and are
consequently represented by the breaking of weak fibers.
As described earlier we have set the discrimination threshold
between “weak” and “strong” fiber excitation to a value of 0.9
tmax (i.e. 90 % of the currently largest failure threshold within
a bundle). For comparison with experimental observations
we included attenuation of the released energy, as described
above (Sect. 3.2). A comparison of attenuated strong fiber
energies with low-frequency AE energies is presented in
Fig. 10. A reasonable qualitative agreement between obser-
vations and model predictions could be found. Difficulties to
recover physical units from digitized signals, as mentioned
in Sect. 4.1, led us to express AE event energies in terms
of arbitrary (non physical) energy units. This surrogate mea-
sure of elastic energy release was obtained by integrating the
sensor’s signal amplitude (voltage) over the duration of the
event (units of [V s]). A quantitative comparison with FBM
energies is therefore not possible. Nevertheless the coher-
ence of the results between the two test cases in Fig. 10 sup-
ports our confidence in the capabilities of the coupled signal
attenuation-FBM.
4.4 Modeling force chain restructuring
By separation of fiber-bundle elements into two major fiber
types, namely strong (0.9 tmax < t ≤ tmax ) and weak fibers
(0 < t ≤ 0.9 tmax ), we were able to describe the two pri-
mary granular failure mechanisms. Here, rearrangement of
strong fibers was associated with stress jump-induced low-
frequency AE events; weak fiber failure in the FBM rep-
resented minor restructuring events associated with high-
frequency AE. For testing model predictions of those dif-
ferent failure types we compared modeled and measured
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Fig. 10 Size distribution of strong fiber rupture events as generated by
the signal-attenuation FBM: a comparison between results from a large
bundle with corresponding low-frequency AE events from 1 mm grain
assemblies. b A small bundle represents a physical system with large
(4 mm) grains. Again low-frequency AE energies are compared against
energies from strong fiber rupture. A proxy for AE energy is obtained
from time integral of recorded signal amplitudes and has units of V s
(we are aware that in a physical sense this is no energy measure and
refer to it as “energy unit”) (color figure online)
energy release rates. The energy release rate is a measure of
the failure-associated energy that is released during a strain
increment.
Modeled predictions of total energy release were catego-
rized based on the type of failed fibers as seen in Fig. 11a.
The results suggest that energy release rates from failure of
weak fibers is characteristically different that energy release
from strong fibers. Weak fibers release most of the stored
strain energy at the early stage of deformation whereas at
latter stages of shear deformation most of the elastic energy
release comes from the resilient strong fibers. These model
predictions were compared with AE measurements reported
in earlier studies [24,25]. The results in Fig. 11b show a rea-
sonable agreement with the characteristics predicted by the
FBM model. The delayed onset of energy release from strong
fibers can also be found in the energy trace of low-frequency
AE signals.
5 Discussion and conclusions
Elastic waves generated during shearing of granular materi-
als contain rich information related to grain scale rearrange-
ments and failure precursors. To obtain a better understand-
ing how material properties, and different triggering mecha-
nisms shape resulting acoustic signals we studied prototypi-
cal cases of grain scale-induced elastic wave generation. We
focused primarily on grain collisions and particle-to-particle
friction as triggering mechanisms of acoustic signals. Based
on mechanical considerations we propose a distinct acoustic
signature of both processes. Together with the particular trig-
gering mechanisms we assumed that the resonance frequen-
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cies of excited granular structures determine the spectral
characteristics of elastic waves. We investigated the effect of
those excitation mechanisms on different granular structures.
Here we consider excitation of single particles in a tetrahe-
dral compound and of confined granular chains—so-called
force chains. Such force chains are known to constitute the
primary load bearing structure and to dominate the mechan-
ics of granular shear bands. We invoked eigenvalue analysis
of the mentioned prototypical granular structures to localize
typical resonances in a frequency range of 104–105 Hz. The
AE source mechanisms were analyzed for idealized config-
urations and remain primary conceptual (ignoring details of
structure and material properties). However, predictions from
our model were in good agreement with frequency ranges of
AE events observed during granular shearing of glass bead
assemblies. Analyses revealed the presence of distinct peaks
in the frequency spectra of experimental results that were in
the range of predicted resonances.
To model quantitative features and statistics of restructur-
ing events that occur during granular shear deformation we
used a fiber-bundle model. In this conceptual shear zone rep-
resentation material behavior is constituted by a large number
of individual elements, termed fibers, that fail independently
at a statistically determined rupture threshold. This relatively
simple model provides us with predictions of failure statistics
and the material stress–strain behavior. Earlier work showed
that this FBM can reproduce key features of granular shear-
ing and presented analytical solutions of the model [24,25].
Here we used the FBM to resolve two different restructuring
mechanisms that are considered most important in dry proto-
typical granular materials. For both mechanisms our model
allows to track the energetic trace throughout the deforma-
tion process: failure of the strongest fibers in the bundle was
associated with force chain excitation; rupture of weak fibers
was assumed to stand for excitation of smaller structures.
Although the formation of a dual force network in granular
material is confirmed by a large body of literature, a threshold
to distinguish between “weak” and “strong” contacts is diffi-
cult to define. Consequently the separation threshold of fibers
in our model is rather based on estimates that can be found
in the literature than on physical principles, which leaves
room for improvement. The agreement with observations as
shown in Fig. 11, however, lends credence to this approach.
Also we introduced a simple propagation model that relies
on the geometric attenuation of an elastic wave. Comparison
of modeled failure magnitude distributions with statistics of
low-frequency AE events shows a good agreement and legit-
imates our model.
An important advantage of the FBM lies in the simplic-
ity to predict failure associated energy release. Energy loss
from fiber rupture can be related directly to acoustic emis-
sions, heat release, or other forms of energy dissipation. Here
we attributed AE generation mechanisms to different rup-
ture events. By comparison with AE data we could show that
the FBM predicts characteristic energy release from high-
frequency and low-frequency AE events (representing large
and small rearrangement events respectively).
Measurable acoustic emissions at different frequency
bands were found to be closely related to episodic and
abrupt stress release events observed during granular shear-
ing. We were able to demonstrate a direct link between low-
frequency AE events and distinct stress fluctuations, presum-
ably expressing large rearrangements of the granular lattice
and associated force chain excitation. High-frequency AE
activity increased before such rearrangement events typi-
cally announcing observed stress jumps. The trace of indi-
vidual high-frequency events could not be found in the shear
stress data. Grain rearrangement events that emit such high-
frequency AE signals are presumably too small to induce
measurable changes of the total shear stresses in our experi-
mental setup.
6 Summary
The study develops a novel quantitative framework linking
grain-scale mechanical interactions with release of stored
strain energy in the form of elastic waves. The mechanis-
tic links enable interpretation of measurable acoustic emis-
sions (AE) and establish relations to typically unobservable
internal mechanical interactions during shearing of granular
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assemblies. We presented dynamic analysis of AE produc-
ing processes including derivation of frequency spectra and
released energies. Results suggest typical frequencies in the
range of 104 Hz. The generation process (we have looked at
grain-to-grain friction and particle collisions) and the size
and geometry of an excited structure leave their signature on
generated frequency spectra. For the upscaling of this micro-
mechanical analysis to the scale of an entire shear plane, we
used a conceptual fiber-bundle model. Effects of signal atten-
uation were considered with a geometric damping model.
We were able to show that signal damping leaves a strong
footprint in the way a single sensor captures distributed sig-
nals from ongoing granular shearing. Particularly low magni-
tude AE source events—we associated those with the “weak”
elements in our model—are affected by damping. So-called
“strong” elements in the FBM were related to force chains.
They have the propensity to withstand the material deforma-
tion longer and to release more energy upon failure. Results of
our model were compared against measurements from shear
frame tests. Evidence suggests that instantaneous observa-
tions of low (<20 kHz) and high (>30 kHz) AE events pro-
vide complementary information concerning formation of
shear zone and stress release events.
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